ABSTRACT L-arginine (Arg) is an essential amino acid in birds that plays a decisive role in avian protein synthesis and immune response. Effects of graded dietary Arg supply on metabolic and clinical response to Escherichia coli lipopolysaccharide (LPS) were studied over 48 hours after a single intramuscular LPS injection in 18-week-old genetically diverse purebred pullets. LPS induced a genotype-specific fever response within 4 hours post injectionem. Whereas brown genotypes showed an initial hypothermia followed by longer-lasting moderate hyperthermia, white genotypes exhibited a biphasic hyperthermia without initial hypothermia. Furthermore, within 2 hours after LPS injection, sickness behavior characterized by lethargy, anorexia, intensified respiration, and ruffled feathers appeared, persisted for 3 to 5 hours and recovered 12 hours post injectionem. The varying grades of Arg did not alter the examined traits named above, whereas insufficient Arg reduced body growth and increased relative weights of liver and pancreas significantly. At 48 hours post injectionem, increased relative weights of liver and spleen were also found in LPS treated pullets, whereas LPS decreased those of pancreas, bursa, thymus, and cecal tonsils. Moreover, LPS lowered the sum of plasma amino acids and decreased plasma concentrations of Arg, citrulline, glutamate, methionine, ornithine, phenylalanine, proline, tryptophan, and tyrosine, and increased those of aspartate, glutamine, lysine, 1-and 3-methyl-histidine. Elevating concentrations of dietary Arg led to increasing plasma concentrations of Arg, citrulline, ornithine, and 3-methyl-histidine subsequently. As quantitative expression of LPS-induced anorexia, proteolysis, and the following changes in plasma amino acids, pullets showed a significant decrease of feed and nitrogen intake and catabolic metabolism characterized by negative nitrogen balance and body weight loss in the first 24 hours post injectionem. Pullets recovered from the challenge within the second 24 hours post injectionem and changed to anabolism with re-increased feed and nitrogen intake, positive nitrogen retention, and weight gain. To conclude, present results confirmed that LPS induced numerous metabolic and physiological changes in pullet's genotypes, whereas dietary Arg affected the examined traits only slightly.
INTRODUCTION
Modern poultry industry is continuously facing rapid changes such as the aspired reduction of prophylactic and therapeutic antibiotic's usage. Because this development can increase the impact of stressors on bird C 2016 Poultry Science Association Inc. (1979) and Kwak et al. (1999 Kwak et al. ( , 2001 have confirmed that chicken's plasma Arg is directly influenced by dietary intake and catabolic processes such as protein breakdown. In addition, Dietert et al. (1994) have suggested that the conversion of Arg to nitric oxides (NO) during inflammatory response can reduce Arg availability for other metabolic pathways. In this context, Bruins et al. (2002) have emphasized that plasma Arg concentrations are decreased in pigs suffering from endotoxemia. This situation seems to be applicable to birds, as chickens show an immunological Arg requirement that differs between healthy and immunechallenged birds (Kwak et al., 2001; Humphrey and Klasing, 2005) . In the immune system, Arg plays a decisive role as only known precursor of NO, synthesized by induced nitric oxide synthase (iNOS). NO is a paracrine immune mediator and a cytotoxic product of activated avian macrophages (Qureshi, 2003) whose production is substrate-limited by Arg (Wideman et al., 1995; Kidd et al., 2001; Ruiz-Feria et al., 2001) . The immune modulating properties of Arg in chickens have also been demonstrated by the results of Kwak et al. (1999) , Lee et al. (2002) and Tan et al. (2014) , as dietary Arg level modulates lymphoid organ development, alters percentages of leukocytes in peripheral blood after challenging with pathogens, and changes proportions of T cell subpopulations. However, Deng et al. (2005) have emphasized that Arg supplementation has minimal effects on short-term immunological responses, but enhances longer-term antibody responses after pretreatment with supplemental Arg.
Lipopolysaccharide (LPS) from cell wall of Gramnegative bacteria is frequently used to induce experimental acute-phase reaction associated with a systemic inflammation (Xie et al., 2000; Leshchinsky and Klasing, 2001; Cheng et al., 2004) , which is characterized by the release of NO and the avian equivalents of pro-inflammatory cytokines IL-1β and IL-6 from avian leukocytes (Klasing and Peng, 1987; Dil and Qureshi, 2002a; Farnell et al., 2003) . Although tumor-necrosisfactor (TNF)-like activities are observed in chickens, an avian orthologue of mammalian pro-inflammatory TNF-α and its associated encoding gene sequence have not been found in birds to date (Kaiser et al., 2005; Kaiser and Staeheli, 2014) . The released proinflammatory mediators cause fever, hepatic secretion of acute-phase proteins, and sickness behavior such as anorexia and lethargy (Xie et al., 2000; Leshchinsky and Klasing, 2001; Cheng et al., 2004) . Pro-inflammatory cytokines simultaneously induce significant changes in protein metabolism by skeletal muscle protein breakdown, and muscle wasting (Rosenblatt et al., 1983; Sax et al., 1988) . Amino acids derived from protein catabolism and dietary intake are used for hepatic gluconeogenesis and acute-phase protein synthesis, as well as by further tissues and cells involved in inflammatory and immune response (Klasing and Austic, 1984; Klasing, 1988 ; Barnes et al., 2002) . Because the amino acid pattern required in these particular metabolic pathways is different from that derived from skeletal muscle proteolysis, protein loss, growth retardation, decreased nitrogen (N) retention, and increased N excretion occur in humans and animals suffering from acute-phase reaction (Voisin et al., 1996; Breuille et al., 1999 , Bruins et al., 2002 .
Since van Eerden et al. (2004) have found differences in antibody response between low and highly efficient pullets and Kwak et al. (2001) have reported on genetically dependent differences in Arg requirement and immune response of different Cornell K strains, we hypothesized that chicken strains capable of producing different amounts of egg mass each day may present different immunological and metabolic responses to LPS-induced acute-phase reaction under varying feeding conditions. Therefore we developed further an animal model consisting of 4 purebred layer lines (Lieboldt et al., 2015a) in order to gain a deeper insight in the interaction of avian genetic background and dietary environment in regards to their metabolism and immune response. As layer-type birds are exposed to various stressors influencing growth, metabolism, and immunity during rearing, our objective was to investigate the metabolic and clinical response of 18-week-old pullets of 4 purebred layer lines adapted to three different levels of dietary Arg and one-time-treated with an intramuscular injection of E.coli LPS.
MATERIAL AND METHODS

Birds, Husbandry, Experimental Design and Diets
The experiment (Figure 1 ) was conducted with eighteen 18-week-old pullets of 4 purebred layer lines each. Two commercial high performing genotypes (WLA and BLA) with average 50 g egg mass/d per hen over 364 days were contrasted to 2 low performing ones (R11 and L68) with average 26 to 30 g egg mass/d per hen over 364 days. The high performing lines were taken from a layer breeding program of Lohmann Tierzucht GmbH, Cuxhaven, Germany, and the low performing ones derived from non-selected resource populations at the Institute of Farm Animal Genetics, NeustadtMariensee, Germany. Both white layer lines (WLA and R11) were of White Leghorn origin and phylogenetically closely related to, but distant from, the Rhode Island Red line BLA and its counterpart L68 (New Hampshire). Birds were randomly selected from a rearing trial carried out simultaneously (Lieboldt et al., 2015b) , in which chicks were fed from hatch to laying period with graded concentrations of dietary Arg equivalent to 70, 100, and 200% of age-specific recommended supply (NRC, 1994) . After hatch birds were equipped with a wing-tag and vaccinated against Marek's and Newcastle Disease.
For the present study birds were housed in metabolic single-cages (42 cm x 35 cm x 42 cm) of a 3-floor battery equipped with outside feed trough and water bowl in an environmentally controlled room. During the experiment, the temperature was between 18 to 19
• C and light period lasted from 0500 to 1600 h (11L:13D). Feed and water were provided ad libitum. The 18 pullets of each genotype were distributed to 3 experimental diets with 6 replicate cages. Experimental diets contained dietary Arg equivalent to 70, 100, and 200% Arg of age-specific recommended supply (Table 1; NRC, 1994) . The diets for pullets comprised a basal diet with no further Arg supplementation (low Arg, LA; 4.74 g Arg/kg diet), the basal diet with adequate Arg (AA; 6.46 g Arg/kg diet), and high Arg supplementation (HA; 13.44 g Arg/kg diet). The basal diet was supplemented with any deficient essential amino acid other than Arg. For AA and HA, Arg (free base, 99%, Europepta, Hannover, Germany) was added to the basal diet at the expense of corn.
All procedures conducted in this study were in accordance with the guidelines issued by the German animal protection law and were reviewed and approved by the relevant authorities (Lower Saxony State Office for Consumer Protection and Food Safety, LAVES, Germany; 3392 42502-04-13/1186).
Core Body Temperature Measurements
In the 16th wk of age, after 7 days of adaptation to environmental conditions, pullets underwent surgery in order to insert a temperature data logger (DS1921H-F5 Thermochron iButton High Resolutions, Maxim Integrated, San Jose, CA) with a size of 17.35 × 5.89 mm and a weight of 3.3 g into the body cavity. Temperatures were measured from +15 to +46
• C with a resolution of 0.125
• C. Data loggers were calibrated and programmed to continuously record of core body temperature (CBT) every 10 min over the 7 days of the experiment. Before implantation, data loggers were encapsulated in a sterile plastic cover (ring cap, EndoTherm GmbH, Arlesheim, Switzerland). In order to minimize failures in anesthesia, pullets were fasted overnight and water was restricted one hour before surgery. To enable preoperative analgesia, butorphanol (2.5 mg/kg BW, Alvegesic vet., CP Pharma, Burgdorf, Germany) was injected into the left pectoral muscle. General anesthetic was induced by xylazine (1.5 mg/kg BW, Xylazin 2%, Albrecht GmbH, Aulendorf, Germany) and ketamine (3.0 mg/kg BW, Ketamin (Vogt, 1986) .
3 Calculation based on analyzed amino acid contents of ingredients and their proportions of the diets. 100 mg/mL, CP Pharma, Burgdorf, Germany) injected into the right pectoral muscle. After loss of consciousness, pullets were anaesthetized further with 2% isoflurane inhalation (Isofluran CP 1 mL/mL, CP Pharma, Burgdorf, Germany) in oxygen via a head chamber. Once the pullets were fully anaesthetized, abdominal feathers were plucked, the operating field was cleaned, degreased, and sterilized and the body cavity was carefully opened by a 4 cm longitudinal incision in the ventral abdominal wall behind the sternum. Encapsulated data loggers were carefully inserted into the body cavity. Thereafter, the surgical wound was closed stepwise with absorbable suture (4 to 0 USP, Vicryl, Johnson & Johnson Medical GmbH, Norderstedt, Germany). Before the cutaneous wound was sutured, 1 mL benzylpenicillin (Veracin compositum, Albrecht GmbH, Aulendorf, Germany) was given on the muscle suture in order to avoid bacterial wound infection. To allow good recovery, the pullets were put into a box with a heat lamp until consciousness and were able to stand. Afterwards, the pullets were placed back into their metabolic cages. As part of a multimodal pain management, butorphanol (2 mg/kg BW) was administrated 12 hours post-surgery intramuscularly. During 10 days of recovery, the pullets remained healthy and had no signs of adverse implications from surgery that could affect experimental procedure.
Experimental Procedure
The actual experiment lasted 7 days and was performed at the 18th wk of age ( Figure 1 ). Pullets had diverse initial BW, as they originated from different genotypes reared with the 3 diets used in this study (Lieboldt et al., 2015b) . There was no BW difference between WLA (1040 g) and BLA (1070 g), but R11 (880 g) and L68 (1230 g) showed significant differences. Pullets reared with insufficient dietary Arg weighed about 60 g less than AA and HA fed birds at the beginning of the experiment. The present trial was subdivided into two parts: examination of physiological conditions from days 1 to 5 and LPS-induced pathophysiological conditions at days 6 and 7. After recording pullets' BW, the experiment began at 0700 h on day 1. In order to calculate the N retention of pullets under physiological and pathophysiological conditions, feed intake was recorded and total excrements were collected individually. During the entire trial, residual feed was recorded daily and pullets' excrements were collected twice a day at 0700 h and 1500 h. Excrements from days 1 to 5 were pooled for each pullet individually, but those at day 6 and 7 were separated for each pullet and day. After collection, excrements were stored at −20
• C until further sample processing. On day 6 at 0700 h, the pullets' BW was recorded again and 3 pullets of each experimental group (Figure 1) were challenged with 2 mg E.coli LPS/kg BW (serotype O111:B4, Sigma Aldrich Chemie GmbH, Munich, Germany), diluted in a sterile saline solution (0.9% NaCl) to 2 mg LPS/mL, and the other half of each group was treated with 1 mL sterile saline solution (0.9% NaCl) into the left pectoral muscle. Saline solution was chosen as control reagent, because it did not affect CBT or induce immunological changes. The BW of pullets was recorded at 24 and 48 hours post injectionem (p. inj.).
From one hour before treatment, pullets were clinically monitored at 20 min intervals. As birds' behavior and condition appeared normal by 12 hours p. inj., a further examination of clinical symptoms of these completely recovered pullets was omitted. To characterize sickness behavior, the clinical traits body posture, behavior, plumage, and respiration were semi-quantitatively evaluated by a scoring system (Table 2 ) from physiological condition (score 0) to severe deviation from physiological status (score 4). As saline treated pullets showed no changes in clinical traits (score 0), these results were not graphically presented.
The experiment ended 48 hours p. inj. by slaughtering of all pullets and blood sampling through exsanguination of neck vessels in 10 mL tubes containing lithium heparin (Sarstedt AG & Co, Nümbrecht, Germany). For analysis of plasma amino acids, blood samples were immediately centrifuged at 1500 × g and 4
• C for 15 min and plasma was divided into two aliquots and stored at −80
• C until analyzed. Plasma amino acid concentrations were determined by the HPLC method described by Kuhla et al. (2010) .
After exsanguination, implanted data loggers were retrieved from pullets' body cavity and the data downloaded for analysis via an USB interface and the software Thermodata Viewer (Thermodata Corporation, Whitewater, WI). Simultaneously, weights of heart, liver, gizzard, pancreas, thymus, bursa Fabricii, spleen, and cecal tonsils were recorded and their weights were presented as relative weights of BW (% of BW = [organ weight/BW] × 100).
Analysis of Feed and Excrements
The individual samples of pooled total excrements from days 1 to 5, and those of day 6 and day 7, were defrosted at room temperature (ca. 20
• C), homogenized, and freeze-dried for 48 hours. Afterwards, the freezedried excrements were ground to pass a 0.5 mm screen and analyzed for DM and Dumas N. Experimental diets (Table 1) were analyzed for DM, Kjeldahl N, crude ash, crude fat, crude fiber, starch, sucrose, phosphorous, and calcium. All analyses were in accordance to the methods of the Association of German Agricultural Analytic (VDLUFA; Bassler, 1997) . The AME N of the diets was calculated according to the energy estimation equation of the World's Poultry Science Association (Vogt, 1986) . In order to calculate the concentrations of amino acids in the experimental diets appropriately, amino acid containing feed components others than those supplemented in their free forms were analyzed for the amounts of amino acids by ion exchange chromatography described in the analytical methods of AMINODat 4.0 (Evonik Industries, 2010).
Nitrogen Balance
Based on the individually recorded BW and residual feed, daily weight gain (DWG) and daily feed intake (DFI) were calculated for each pullet under physiological (days 1 to 5) and pathophysiological conditions (day 6 and day 7). Furthermore, N intake was determined by multiplying pullets' feed intake by analyzed Kjeldahl N concentration of the corresponding diet. Based on total excrements (days 1 to 5 as well as day 6 and day 7), the N excretion was calculated by multiplying the amount of excreta by its analyzed Dumas N concentration. Finally, N retention was determined subtracting N excretion from N intake. To account for genotype-dependent BW differences in growth associated parameters and in N metabolism, all measures of DWG, DFI, and N balance (N intake, N excretion, and N retention) were raised to the power of 0.67, i.e., the metabolic BW (kg BW 0.67 ).
Statistical Data Analysis
Although semi-quantitative clinical symptoms were recorded by a 5-degree score, these data were evaluated by the same procedures as the metric parameters inj.) in phylogenetic diverse pullets each selected for high [white WLA, a) and brown BLA, b)] and low [white R11, c) and brown L68, d)] daily egg mass production, supplied with low (LA), adequate (AA), and high (HA) dietary L-arginine and treated with 2 mg E.coli lipopolysaccharide (LPS) per kg BW or 0.9% saline solution (NaCl; LSMeans ± SE; n = 3). ANOVA (P-values): P Genotype < 0.001; P Diet = 0.836; P Treatment < 0.001; P Time < 0.001; P Genotype * Diet = 0.495; P Genotype * Treatment = 0.486; P Genotype * Time < 0.001; P Diet * Treatment = 0.284; P Diet * Time = 0.505; P Treatment * Time < 0.001.
a-e Bars within a diagram lacking a common superscript differ (P < 0.05).
to enable a complex time-dependent evaluation and to discuss the scores as group-specific least square means. CBT, measured every 10 min, was averaged for 30 min intervals per pullet and graphically presented as least square means for each 30 min interval.
Statistical evaluation was performed using the software package of SAS 9.4 (SAS Institute Inc., 2012, Cary, NC). In general, procedure MIXED was used for evaluating the data. Fixed effects were "genotype" (WLA, BLA, R11, and L68), "diet" (LA, AA, and HA), "treatment" (LPS or saline), "time" (observation specific time levels), and their interactions. As relative organ weights and absolute plasma amino acid concentrations were only evaluated at 48 hours p. inj., fixed effect "time" was excluded from evaluation of these traits. The model was formulated to account for heterogeneity of variances and degrees of freedom were estimated using the "kr" statement. Co-variance structure was modeled by a compound symmetry time-dependent repeated structure within pullets. As traits were measured repeatedly on the same pullet, a "repeated" statement was considered in the statistical model to account for similarities within subjects. The described model and covariance structure were found to be most appropriate according to the Akaike Information Criterion.
Effects were considered to be significant at a probability level lower or equal to 0.05. The Tukey-Kramer test was applied for a multiple comparison of means.
Based on the described model, the mean value differences were evaluated and presented in two different ways using the "pdiff" statement. First, for each trait the difference between the initial value before treatment and for a particular time was tested by Student t test within each treatment. Secondly, treatment differences were evaluated separately for each time. Least square means and standard errors were presented graphically along with the statistics.
RESULTS
Daily Weight Gain, Feed Intake, Nitrogen Intake, and Retention DWG (Figure 2 ), DFI (Table 3) , daily N intake (Figure 3) , and daily N retention ( Figure 4 ) were affected by "genotype", "treatment" and "time" as well as the interactions of "genotype and time" and "treatment and time" (P < 0.05). An Arg effect on these 4 traits was not found (DWG: P Diet = 0.836; DFI: P Diet = 0.742; N intake: P Diet = 0.336; N retention: P Diet = 0.524). Brown genotypes showed higher DWG, DFI, and daily N intake than white ones during the entire trial period (P Genotype < 0.001; P Genotype * Time < 0.001). Additionally, L68 showed a higher daily N retention than the other genotypes (P Genotype < 0.001), which did not differ from each other. Saline treated pullets had a Table 3 . Daily feed intake (g/kg 0.67 r d) during 5 days of physiological conditions ante injectionem (a. inj.) and 2 days post injectionem (p. inj.) in phylogenetic diverse pullets each selected for high (white WLA and brown BLA) and low (white R11 and brown L68) daily egg mass production, supplied with low (LA), adequate (AA) and high (HA) dietary L-arginine and treated with 2 mg E.coli lipopolysaccharide (LPS) per kg BW or 0.9% saline solution (NaCl; LSMeans ± SE; n = 3). ANOVA (P-values): P Genotype < 0.001; P Diet = 0.742; P Treatment < 0.001; P Time < 0.001; P Genotype * Diet = 0.545; P Genotype * Treatment = 0.565; P Genotype * Time = 0.325; P Diet * Treatment = 0.248; P Diet * Time = 0.310; P Treatment * Time < 0.001. a-d LSMeans lacking a common superscript differ (P < 0.05).
higher weight gain, feed intake, N intake, and N retention than those treated with LPS (P Treatment < 0.001). However, genotype-specific DWG, DFI, daily N intake, and N retention did not differ between LPS and saline treated pullets before treatment, whereas all 4 traits decreased within the first 24 hours p. inj. and increased within the second 24 hours p. inj. in both treatment groups (P time < 0.001). Feed intake and subsequent N intake decreased to 10 to 20% of baseline and control group values in LPS treated white pullets and to 20 to 30% of the baseline and control group values in LPS treated brown pullets (P < 0.001). Saline treated R11 pullets also showed a strong loss of BW, but the other saline treated genotypes had only a reduced, but positive, DWG (P Genotype * Treatment < 0.001). However, BW of LPS treated pullets decreased to a greater extent than in saline treated pullets and even lost BW during the first 24 hours p. inj. (P Treatment * Time < 0.001), whereas the lost BW did not differ between the genotypes. In saline treated pullets DWG, DFI, N intake, and N retention regained initial values with the exception of DFI and N intake in the second 24 hours p. inj. of L68 (P Genotype * Treatment * Time < 0.05). Traits also increased in LPS treated pullets but regained approximately 75% of their baseline values within the same time period only (P Treatment * Time < 0.001).
Core Body Temperature
The genotypes showed an average CBT of 41.5 ± 0.1
• C during light period (0500 to 1600 h) and 40.6 ± 0.1
• C during night period (1600 to 0500 h), and did not differ statistically from each other under physiological conditions (days 1 to 5). The CBT ( Figure 5 ) was affected by "genotype", "treatment", and "time" as well as their two-and three-factorial interactions (P < 0.001) during immune challenge. An effect of dietary Arg supply was not found (P Diet = 0.189). The genotypes showed physiological CBT before treatment and after saline administration. However, LPS induced alterations of physiological CBT (P Treatment < 0.001). Temperature profiles and amplitudes of fever differed between genotypes (P Genotype < 0.001). Brown genotypes showed a severe hypothermia (L68: 40.2 • C; BLA: 40.7
• C) in the first 4 hours after LPS administration compared with white genotypes (P Genotype * Time < 0.001). Afterwards, CBT increased and BLA developed fever ranging from 42.2 to 42.6
• C from 9 to 19 hours p. inj.. In the following, BLA's CBT approached the physiological course of saline treated pullets and did not differ from those pullets anymore. In contrast to BLA, L68 did not response as strong after initial hypothermia. The CBT of L68 elevated to 41.7 to 42.0
• C and approached to physiological CBT course after 24 hours. Whereas an initial hypothermia was absent in white genotypes, R11 showed a severe biphasic fever response at 4 h (up to 43.0
• C) and 11.5 h p. inj. (up to 42.6
• C) which decreased strongly afterwards. Twenty-four hours after LPS injection, the CBT returned to the physiological course, as observed in the saline controls, until the end of trial. In contrast to the other genotypes, WLA's CBT did not respond to LPS during the first 8 hours p. inj.. At 11.5 hours p. inj. CBT increased to 42.5
• C and slightly decreased to 
41.7
• C afterwards, remained constant until 24 hours p. inj. and again increased up to 42.2
• C for 8 hours. In the following, WLA's CBT decreased strongly and approached its physiological course until the end of trial.
Clinical Changes
During the entire trial no pullet died. The observed clinical changes (Table 2; Figure 6 ) describing pullets' sickness behavior were affected by "genotype", "treatment", and "time" as well as their two-and threefactorial interactions (P < 0.001). Arg supply did not influence sickness behavior (P Diet = 0.351).
The pullets showed physiological behavior and general condition (score 0) before treatment. Clinical changes were absent in saline treated pullets during the entire trial (data not shown). However, LPS produced alterations in pullet's behavior (P Treatment < 0.001). High performing WLA suffered most heavily from LPS, as their behavior and general condition showed the strongest deviation from the initial values and saline group (P Genotype < 0.001). The other genotypes did not differ from each other in severity of body posture on average (P = 0.528), whereas in BLA more intensive alterations in behavior and respiration were observed than in R11 and L68 (P Genotype < 0.001), but BLA did not differ from L68 in plumage (P = 0.247).
Within 40 min p. inj. the LPS pullets generally showed the first changes in behavior (P Treatment * Time < 0.001). The expression of sickness behavior peaked at 2 hours p. inj. and persisted for 3 to 5 hours depending on treated genotype (P Time < 0.001; P Treatment * Time < 0.001). Afterwards, symptoms subsided and reached initial values at 10.5 hours p. inj. with the exception of body posture. Because the light period ended 9 hours p. inj., pullets showed their physiological resting body posture, equivalent to score 1, until the light period of the following day began. Afterwards, the pullets showed physiological body posture (score 0). Table 4 summarizes the results of live BW and relative organ weights at slaughtering. The BW of pullets differed between the genotypes at the end of the trial as it did before the experiment (P Genotype < 0.001). Brown genotypes achieved a higher BW than white ones and LA caused a growth reduction in contrast to both Arg supplemented diets (P Genotype < 0.001; P Diet < 0.01). The relative weights of heart and gizzard (data not shown) were not affected by "genotype", "diet", and "treatment". However, in contrast to the other genotypes, WLA achieved higher relative weights of liver, pancreas, bursa, and thymus, whereas L68 showed higher weights of spleen and cecal tonsils (P Genotype < 0.001). Genotype R11 showed the lowest relative weights of spleen and thymus, but BLA had the lowest relative weights of pancreas and bursa (P Genotype < 0.001). Relative weights of liver and pancreas were higher in LA fed pullets compared with AA and HA fed ones (P Diet < 0.05). The LPS treatment induced higher relative weights of liver and spleen than saline (P Treatment < 0.001), but relative weights of pancreas, bursa, thymus, and cecal tonsils were lower 48 hours after LPS application in contrast to saline groups.
Live Body Weight and Relative Weights of Organs at 48 Hours Post-Injection
Plasma Amino Acids
The analyzed plasma amino acids were differently affected by "genotype", "diet", and "treatment". The sum of amino acids was lower in R11 plasma than in that of the other genotypes at 48 hours p. inj. (6271 ± 179 μM/L vs. 7368 ± 179 μM/L; P Genotype < 0.001) and LPS caused a lower sum of plasma amino acids than saline (6726 ± 127 μM/L vs. 7490 ± 127 μM/L, P Treatment < 0.001). As a number of concentration changes were found in analyzed plasma amino acids, we limited the graphical presentation (Figure 7 ) to those amino acids that were important for the interpretation of the trial and were affected by both "diet" and "treatment", namely Arg, ornithine, citrulline, and 3-methyl-histidine. Except for some genotype-specific differences in plasma amino acids (data not shown), changes in amino acid concentrations 48 hours p. inj. could be grouped as follows: group I: LPS caused plasma concentration decreases of alanine (-28%), Arg (-23%), asparagine (-35%), citrulline (-16%), cystathionine (-10%), glutamic acid (-6%), glycine (-10%), hydroxyproline (-17%), leucine (-11%), methionine (-19%) , ornithine (-30%), phenylalanine (-5%), proline (-15%), serine (-12%), taurine (-27%), tryptophan (-13%), and tyrosine (-25%; P Treatment < 0.01); group II: LPS caused plasma concentration increases of anserine (+12%), aspartic acid (+15%), β-alanine (+35%), lysine (+18%), 1-methyl-histidine (+21%), and 3-methylhistidine (+55%; P Treatment < 0.01); group III: increasing concentrations of dietary Arg caused plasma concentration decreases of α-amino adipic acid (-36%), alanine (-24%), anserine (-22%), cystathionine (-10%), glutamic acid (-9%), glutamine (-25%), glycine (-8%), histidine (-16%), phenylalanine (-10%), and tyrosine (-27%; P Diet < 0.01); group IV: increasing concentrations of dietary Arg caused plasma concentration increases of Arg (+128%), citrulline (+58%), ornithine (+650%), and 3-methyl-histidine (+31%; P Diet < 0.001). Amino acids showing only genotype-specific and low [white R11, c) and brown L68, d)] daily egg mass production and supplied with low (LA), adequate (AA), and high (HA) dietary L-arginine (LSMeans ± SE; n = 3). ANOVA (P-values): P Genotype < 0.001; P Diet = 0.243; P Treatment < 0.001; P Time < 0.001; P Genotype * Diet = 0.254; P Genotype * Treatment < 0.001; P Genotype * Time < 0.001; P Diet * Treatment = 0.268; P Diet * Time = 0.267; P Treatment * Time < 0.001. differences were carnosine, cysteine, isoleucine, threonine, and valine.
DISCUSSION
Pathogen associated molecular patterns, such as E.coli LPS, induce an acute-phase reaction accompanied by a dose-dependent moderate to severe systemic inflammation in birds (Takahashi et al., 1995; Xie et al., 2000; De Boever et al., 2008) . The underlying mechanisms are regulated by inflammatory mediators and hormones, in domestic fowl factors similar to mammalian IL-1β and IL-6 Peng, 1987, 1990; Klasing and Johnstone, 1991) . Both cytokines directly affect the hypothalamus and activate hypothalamic-pituitary-adrenal axis, the key pathway for prostaglandin-induced fever, sickness behavior, and anorexia (Macari et al., 1993; Klasing, 1994; Xie et al., 2000) . In addition, IL-6 stimulates hepatic synthesis and secretion of acute-phase proteins in mammals and birds mainly (Gruys and Landman, 1997; Gruys et al., 2005) , whereas TNF-α induces protein breakdown and muscle wasting in mammalian acute inflammatory response (Cooney et al., 1997) . Although TNF-like activities are observed in chickens, an avian orthologue has not been found in birds to date (Kaiser et al., 2005; Kaiser and Staeheli, 2014) . On the basis of these mechanisms, we use the chicken model described by Lieboldt et al. (2015a) for the purpose of establishing an avian acute-phase model for immunonutritive research. The design aims to induce a severe acute-phase response by intramuscular injection of 2 mg LPS per kg BW. The focus of interest lays on the effects of a longterm graded dietary Arg supply on physiological, behavioral, and metabolic traits in 18-week-old pullets of purebred layer lines differing in phylogeny and performance once immune stimulated with E.coli LPS. Because changes in CBT and sickness behavior are closely correlated with LPS-induced acute-phase reaction in chicken (Takahashi et al., 1995; Xie et al., 2000; De Boever et al., 2008) , we consider our experimental design as well-suited to induce a generalized inflammation and acute-phase reaction in the studied genotypes.
The LPS-induced systemic inflammatory response is regulated by a number of mediator molecules from which the cytokines released into circulation are of pivotal importance. In the present study, the LPS caused severe sickness behavior accompanied with a strong fever response. These clinical alterations can be regarded as indicators for the activities of IL-1β, IL-6, and type I interferon in avian acute-phase reaction (Macari et al., 1993; Xie et al., 2000; Wigley and Kaiser, 2003; De Boever et al., 2008) . The sickness behavior was characterized by anorexia, lethargy, ruffled feathers, Figure 6 . Time course of sickness behavior from one hour ante injectionem to 13 hours post injectionem of 2 mg E.coli lipopolysaccharide (LPS) per kg BW or 0.9% saline solution (NaCl) in phylogenetic diverse pullets each selected for high (white WLA and brown BLA) and low (white R11 and brown L68) daily egg mass production and supplied with low (LA), adequate (AA) and high (HA) dietary L-arginine (LSMeans ± SE; n = 3). ANOVA (P-values): P Genotype < 0.001; P Diet = 0.294; P Treatment < 0.001; P Time < 0.001; P Genotype * Diet = 0.382; P Genotype * Treatment < 0.001; P Genotype * Time < 0.001; P Diet * Treatment = 0.239; P Diet * Time = 0.867; P Treatment * Time < 0.001. and intensified respiration for approximately 12 hours, which is comparable to the findings of Koh et al. (1996) , Xie et al. (2000) and Cheng et al. (2004) . These authors have described drowsiness, lethargy, and anorexia that begin in the first hour after LPS injection and persisted for 4 hours. Ruffled feathers and moderate diarrhea was observed temporarily and birds recovered completely by 24 hours p. inj. In contrast to graded dietary Arg feeding, pullet's genotype influenced the severity of sickness behavior. Although high performing genotypes expressed sickness behavior stronger than low performing genotypes, pullets generally showed a similar behavioral response to LPS challenge. Sickness behavior is described as the expression of a complex interaction of the nervous, endocrine, and immune system, in which especially chief pro-inflammatory cytokines IL-1β, IL-6, and TNF are involved in facilitating connections among all three systems and inducing sickness behavior centrally del Rey, 1996, 2001; Dantzer, 2001) . Cheng et al. (2004) have suggested that basic mechanisms of behavioral responses to LPS are not altered through selection in genotypes and that sickness behavior has a common phylogenetic origin.
Furthermore, the recognizable changes in bird's behavior were accompanied by a measureable fever response. Gregorut et al. (1992) ; Fraifeld et al. (1995) and Fraifeld and Kaplanski (1997) have reported on avian fever response after LPS administration and that mechanisms of fever in birds are similar to those in mammals. In order to create an inhospitable environment for invading pathogens, LPS induces strain and time dependent changes of CBT in pullets mediated by pro-inflammatory cytokines (Leshchinsky and Klasing, 2001 ). Compared to saline, LPS induced an initial hypothermia in brown genotypes, followed by a severe hyperthermia in BLA and a slight hyperthermia in L68. On the contrary, white genotypes showed hyperthermia only. However, each genotype had a unique pattern of regulating CBT in response to LPS-induced immune stress and that could result from genotypes' diverse capabilities to resist stress. White genotypes showed biphasic hyperthermia with longer-lasting hyperthermia in WLA and fast recovery in R11, whereas brown genotypes had a biphasic fever response with initial hypothermia and longer-lasting hyperthermia. Similar to the present results, previous studies demonstrate that LPS induces fever in chicks differently, such as monophasic hypothermia (Smith et al., 1978) or a biphasic response divided into an initial phase of hypothermia followed by hyperthermia (Rotiroti et al., 1981; De Boever et al., 2008) or divided into a biphasic hyperthermia (Johnson et al., 1993; Koh et al., 1996; Xie et al., 2000) . Explanations for differences in avian fever response found between studies may result from differences in used pathogen, serotype, batch or dosage of LPS, its route of application, as well as the host's sensitivity to LPS, its genetic background, and age. Variations in sensitivity to LPS and its associated resistance or susceptibility to diseases are described for different chicken lines and strains. Abasht et al. (2009) have reported on variations in Toll-like receptor expression among different lines. Dil and Qureshi (2002b) have described further significant genetic line effects on splenic Toll-like receptor expression of Salmonella enteritidis infected chickens and the authors have assumed that underlying mechanisms are related to gene polymorphisms or varying numbers of receptors on immune cells.
Based on the successful induction of systemic inflammatory response, indicated by the dietary independent fever and clinical response in our genotypes, the immune modulating properties of dietary Arg were examined closer in the weights of organs, N balance, and plasma amino acids. Insufficient dietary Arg caused lower BW as well as higher relative weights of liver and pancreas, probably in response of increased hepatic and pancreatic enzyme activities. In accordance with our findings in 18-week-old pullets, Kidd et al. (2001) and Deng et al. (2005) have not found an effect of dietary Arg on the weights of lymphoid organs in growing turkeys and Leghorn-type chicks. On the contrary, Kwak et al. (1999 Kwak et al. ( , 2001 ) have reported on lower weights of lymphoid organs in deficiently Arg fed 2-week-old White Leghorns. These contradicting results lead to the assumption that poultry differ in their sensitivity to dietary Arg, affecting organ development rather in a breed-specific rather than in an agespecific manner. However, in LPS-induced acute-phase reaction, liver and spleen showed higher relative weights on the one hand, and pancreas and lymphoid organs, bursa, and thymus, as well as cecal tonsils decreased in their relative weights on the other hand. It can be concluded that liver and spleen may responded to LPS by increasing production and secretion of several proteins, mediators, and cells. Xie et al. (2000) and Cheng et al. (2004) have described LPS-induced increases in liver's metabolic functions such as gluconeogenesis, glucose oxidation, synthesis of fatty acids, and the elevated release of acute-phase proteins and cytokines including IL-1β. The increase of relative spleen weight emphasizes its importance for immune response (Cheng et al., 2004; Shini et al., 2008) , because elevated weights of immune organs are associated with enhanced immune cell replication and proliferation. Although indications for blood congestion were not macroscopically visible in the examined livers and spleens, from porcine acute-phase models, it is known that LPS induces hepatic leucocyte infiltration, oedema, and sinusoidal dilatation (Saetre et al., 2001; Martens et al., 2007) . In contrast to Shini et al. (2008) , who have not found any alterations in relative bursa weights, the present study showed a decrease in relative weight of the bursa Fabricii in LPS treated pullets. Riddell (1987) has assumed that the bursa Fabricii is sensitive to a stress-induced bursal atrophy caused by increased corticosteroid production during endotoxemia. Additionally, decreased weights of Table 4 . Live body weights and relative organ weights at 48 hours after intramuscular injection of 2 mg E.coli lipopolysaccharide (LPS) per kg BW or 0.9% saline solution (NaCl) in phylogenetic diverse pullets each selected for high (white WLA and brown BLA) and low (white R11 and brown L68) daily egg mass production and supplied with low (LA), adequate (AA) and high (HA) dietary L-arginine (LSMeans, PSEM, n = 3). the bursa Fabricii, thymus and cecal tonsils suggest a release of immune cells from these lymphoid organs into circulation probably. Moreover, the daily N balance, as well as amino acid analysis, of a single plasma sample are considered to be sensitive characteristics for the evaluation of whole body N metabolism in healthy and endotoxemic pullets, because the N balance is classified to be very important in nutrition and metabolic management of critically ill humans (reviewed in: Konstantinides, 1992) . The dietary Arg supplementation influences avian immune function (Kwak et al., 2001; Deng et al., 2005; Tan et al., 2014) whereas Arg has the highest N proportion from all proteinogenic amino acids. The present study revealed no effect of dietary Arg level on DWG, DFI, N intake, and N retention in saline and LPS treated pullets. To the best of our knowledge, comparative studies in avian species do not exist. However, Bruins et al. (2002) have not found N balance improving effect of parenteral Arg supplementation in endotoxemic pigs, whereas Saito et al. (1987) , Braga et al. (1996 Braga et al. ( , 1999 , and Cui et al. (1999) have reported on the limitation of protein and BW loss during injury or surgery in rats as well as humans by Arg supplementation. In our study, pullets' N metabolism responded in two steps to the administrated LPS: during the first 24 hours, LPS induced a strong catabolic phase characterized by negative N balance accompanied with BW loss and anorexia. In the second 24 hours LPS treated pullets metabolically recovered and became anabolic, as shown by positive N retention, DWG, and increased feed and N intake. However, pullets did not regain baseline values and concentrations of certain required amino acids were decreased in plasma, irrespective of genotype.
Due to the metabolic activation of the immune system and the sickness-induced reduction of feed intake, a generalized dysregulation of nutrient homeostasis occurs and enhances imbalances in required amino acids in endotoxemia (Elsasser et al., 2000; Humphrey et al., 2002) , which are underlined by a decreased plasma concentration of total amino acids (Bruins et al., 2002) . The authors have showed further decreases of Arg, glycine, glutamine, tyrosine, and the sum of the branched chain amino acids in endotoxemic pigs, whereas Luiking and Deutz (2007) have described decreases of Arg, citrulline, glutamate, glutamine, lysine, ornithine, threonine, and valine in endotoxemic humans. As a consequence, these amino acids may be Figure 7 . Absolute plasma concentrations of 4 relevant amino acids at 48 hours post injectionem of 2 mg E.coli lipopolysaccharide (LPS) per kg BW or 0.9% saline solution (NaCl) in phylogenetic diverse pullets each selected for high (white WLA and brown BLA) and low (white R11 and brown L68) daily egg mass production and supplied with low (LA), adequate (AA) and high (HA) dietary L-arginine (LSMeans ± SE; n = 3).
a-e Bars of a plasma amino acid lacking a common superscript differ (P < 0.05). ANOVA (P-values): L-arginine -P Genotype = 0.067; P Diet < 0.001; P Treatment < 0.001; P Genotype * Diet < 0.05; P Genotype * Treatment = 0.956; P Diet * Treatment = 0.118; L-ornithine -P Genotype < 0.01; P Diet < 0.001; P Treatment < 0.01; P Genotype * Diet < 0.05; P Genotype * Treatment = 0.223; P Diet * Treatment < 0.01; L-citrulline -P Genotype < 0.01; P Diet < 0.001; P Treatment < 0.05; P Genotype * Diet = 0.165; P Genotype * Treatment = 0.280; P Diet * Treatment = 0.572; 3-methyl-histidine -P Genotype < 0.01; P Diet = 0.068; P Treatment < 0.001; P Genotype * Diet = 0.196; P Genotype * Treatment = 0.593; P Diet * Treatment = 0.539.
released from skeletal muscle into circulation in order to provide required amino acids for hepatic gluconeogenesis and synthesis of acute-phase proteins, as well as for further immunological processes such as immune cell replication and proliferation (Klasing and Austic, 1984; Klasing, 1988; Barnes et al., 2002) . In mammals, Cooney et al. (1997) have reported on the LPS-induced release of TNF-α, which induced consecutively protein breakdown and muscle wasting during acute-phase reaction. Although a possible chicken TNF-α orthologue has not been identified to date (Kaiser et al., 2005; Kaiser and Staeheli, 2014) , the LPS-induced negative N balance and increased concentrations of plasma 3-methyl-hisitidine, anserine, and β-alanine indicate an inflammatory protein breakdown and muscle wasting that might be mediated through TNF-like activities in chickens also. Plasma 3-methyl-histidine is described as a sensitive indicator for proteolysis of muscle protein associated with decreased N retention in acute-phase reaction (Zamir et al., 1992; Loi et al., 2005) . Because β-alanine, a component of endogenous antioxidants anserine and carnosine, is highly concentrated in muscle tissues (reviewed in: Sale et al., 2010) , a release of β-alanine and anserine from muscles elevates their plasma concentrations and may indicate LPS-induced muscle wasting and protein breakdown further. In accordance with our findings, the acute-phase reaction also decreases the plasma concentrations of aromatic amino acids such as phenylalanine, tryptophan, and tyrosine, as they are needed for hepatic synthesis of acute-phase proteins (Reeds et al., 1994) . As LPS-treated pullets suffered from anorexia, energy and amino acids are not provided from ingested feed into circulation anymore. Consequently, pullet's metabolism might change to hepatic gluconeogenesis in order to support organs and tissues with required energy (Rosenblatt et al., 1983; Sax et al., 1988) . Hepatic gluconeogenesis partly utilizes Krebs citrate cycle intermediates such as pyruvate, oxalacetate, acetyl-CoA, and α-ketoglutarate, which can be generated from several glucoplastic amino acids such as alanine, Arg, asparagine, glutamic acid, glycine, methionine, and proline. In the present study, the LPSinduced decline in plasma concentrations of these amino acids might indicate the increased hepatic synthesis of acute-phase proteins and gluconeogenesis in pullets. Consequently, limited dietary amino acid influx and increased consumption during acute-phase reaction would lower their total plasma concentration. The LPSinduced decrease in plasma Arg concentration could result further from an Arg consumption for immunomodulatory functions, which comprise the improvement of directly cytotoxic mechanisms via the Arg-NO pathway, as well as enhancement of immune cell proliferation, cell division, and DNA replication via the Arg-ornithine-polyamine pathway (reviewed in: Luiking et al., 2005; Khajali and Wideman, 2010) .
In addition to LPS-induced changes, graded dietary Arg supply levels caused significant alterations in plasma amino acid concentrations. The decrease of certain amino acids in the plasma of pullets fed with increasing Arg concentrations can be understood as compensatory mechanism. In accordance to Chu and Nesheim (1979) , Kwak et al. (1999) and Loi et al. (2005) increasing amounts of dietary Arg elevate plasma Arg directly, causing secondary increase of plasma ornithine concentrations and, in our study, even elevated plasma citrulline and 3-methyl-histidine concentrations. Because arginase and iNOS compete for Arg as a common substrate in acute-phase reaction, it can be suggested that higher amounts of available plasma Arg may be beneficial for host's immune response as described by Lee et al. (2002) , Deng et al. (2005) and Tan et al. (2014) .
In conclusion, we have demonstrated that bacterial LPS acts as a potent stimulator of the avian immune system and induces strong alterations in chicken's sickness behavior, especially anorexia and CBT as well as severe changes in N metabolism, plasma amino acids, and relative weights of digestive and immune organs. However, long-term graded Arg supply ranging from insufficient to oversupplied concentrations in comparison to recommendation (NRC, 1994) only affects concentrations of certain plasma amino acids, BW, and relative weights of digestive organs. As Arg does not affect significantly further physiological and behavioral traits in the present study, it can be concluded that the Arg requirement for these examined traits is equal to or less than the lowest level used in this study, which has been 70% of recommended Arg (NRC, 1994) . In particular, the results of the N balance trial do not indicate that our insufficient dietary Arg level was limiting for N retention. On the other hand, the studied traits may be not specific or sensitive enough to detect Arg effects on immunological and metabolic responses, as found by Kwak et al., 1999; Deng et al., 2005; Tan et al., 2014 . Consequently, further research shall focus on cellular immunology in the established animal model and experimental design.
